Objectives To obtain valid estimates of the association between body mass index (BMI) and mortality by using offspring BMI as an instrumental variable for own BMI. Design Cohort study based on record linkage, with 50 years of follow-up for mortality. Associations of offspring BMI with all cause and cause specific maternal and paternal mortality were estimated as hazard ratios per standard deviation of offspring BMI.
INTRODUCTION
Both the prevalence of obesity and average body mass index (BMI) are rising rapidly in industrialised countries. Academic and governmental agencies predict that these increases will generate adverse trends in the incidence of, and mortality from, diseases considered to be related to obesity, such as diabetes, coronary heart disease, stroke, and many cancers. Commentators in both the academic 1-3 and popular 4 literature, however, have pointed to inconsistencies in the evidence that overweight and obesity are causally related to increased all cause mortality.
A large number of studies have demonstrated a U shaped association between BMI and mortality, with the highest mortality risk in people who are in the most underweight and most overweight groups. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] With this type of pattern, it is unclear whether shifting the entire distribution downwards-the key population based prevention strategy for many chronic diseases Some researchers have argued that the apparent U shaped curve provides a biased assessment of the causal association between BMI and mortality. In particular, confounding by factors such as smoking, other health related behaviours, and poor socioeconomic circumstances might generate an apparently high mortality risk among underweight people. Furthermore, weight loss as a result of disease means that thin people might have a higher mortality risk than their fatter counterparts. 6 11 18 19 A variety of approaches to the problems of confounding and reverse causality in the BMI-mortality relation have been advocated. Firstly, the first few years of follow-up in any study can be excluded because deaths in this period will be strongly influenced by illness, leading to a higher mortality risk. Secondly, the presence of illness at baseline and confounding factors such as smoking and poor socioeconomic circumstances can be statistically adjusted for or affected subgroups can be excluded from analyses. However, all these approaches have potentially serious limitations; for example, measurement error with respect to confounding factors can lead to residual confounding 20 and potentially to overestimation of the association. 21 Furthermore, illnesses that lead to lower BMI could also generate an inverse association between BMI and mortality over a long follow-up period. 18 19 As Seidell and colleagues comment, 18 it is unlikely that the issue of BMI and mortality will ever be resolved by randomised controlled trials. Given the potential importance of obesity and overweight as a cause of poor population health outcomes, it is imperative that valid estimates of causal effects are obtained.
One promising approach to this problem is the use of instrumental variables. 22 Briefly, an instrumental variable is a variable that is associated with a risk factor of interest (in this case own BMI) and is only associated with the outcome of interest (here all cause and cause specific mortality) because of its association with the risk factor of interest. In an instrumental variable analysis, the component of variation within a risk factor that is explained by the instrumental variable is used to provide an unbiased and unconfounded assessment of the causal association between the risk factor of interest and the outcome.
With respect to BMI, illness that produces weight loss is probably the most important factor that could cause observational associations to be biased indicators of causal effects. An instrumental variable in this case is one that is reliably related to BMI but is not related to disease that might influence BMI. 23 One such variable is the BMI of the offspring of individuals whose mortality risk is being examined. The accuracy of an instrumental variable analysis relies on not violating a set of assumptions (table 1) .
The associations between the BMI of parents and the BMI of offspring are similar regardless of whether mothers' BMI or fathers' BMI is used. 24 25 Clearly, illness among fathers will not directly influence the BMI of their offspring. On the other hand, illness among mothers could influence fetal growth and then possibly later BMI of offspring, particularly if the illness predates pregnancy. However, the degree of reverse causation will probably be less if offspring BMI is related to mortality than if own BMI is used. Confounding could still exist if offspring BMI is used in an analysis, in particular if mother-offspring pairs are used, because exposures such as smoking during pregnancy may be associated with offspring BMI. Such confounding is likely to lead to differences in the offspring BMIparental mortality associations in mothers compared with fathers.
One previous study has used offspring BMI as an instrumental variable to investigate the causal association of overweight on employment disability. 22 This study suggested that the usual approach of associating the BMI of individuals to their risk of employment disability overestimates the strength of the association.
In the present study, we analyse a large intergenerational prospective database to estimate causal effects of BMI on mortality by using offspring BMI as an instrumental variable for own BMI.
METHODS
As previously described, 26 27 the Swedish Multi-Generation Register was used to identify all 1 620 571 male children born in Sweden between 1951 and 1980, and their biological parents. In total 1 617 103 respective mothers and 1 594 766 respective fathers were identified using the unique individual identity numbers given to all citizens and individuals with permanent permission to live in Sweden. This number was also used to link to and extract data from several other national registers.
Between 1969 and 2002, a total of 1 343 349 (83%) of the male offspring identified had their height, weight, and systolic and diastolic blood pressures measured at conscription examinations. These examinations are mandatory by law for all young male Swedish citizens, and they predate active military service; that is, they are also conducted for males who do not later enter military service. During the years covered by this study, only males with severe handicap or a chronic disease were exempted from the conscription The outcome variables were all cause and cause specific death, defined as the underlying cause of death recorded on the death certificate. The web table shows the causes of death for which we examined associations, together with the international classification of diseases 7, 8, 9, and 10 codes we used to define these causes.
Statistical analysis
When different sons had the same mother or the same father, one child was chosen at random to avoid violation of independence assumptions. We then examined the distribution of parental education, occupational and social class, and health variables in groups defined by quintiles of offspring BMI and estimated logistic and linear regression coefficients for their association with offspring BMI. Logistic regression coefficients were converted to odds ratios.
We next used Cox proportional hazards regression models to estimate hazard ratios (HRs) for all cause and cause specific parental mortality per standard deviation of offspring BMI. Analyses were censored at the earlier of parents' emigration date (when this was known) and 31 December 2001. All models used parents' age as the time axis, with entry at the child's date of birth; therefore, all analyses are controlled for parents' age. We also controlled for parents' educational level and occupational social class. The proportion of mothers with information missing for education was 9% and for social class was 53% (including those not classified; for example, housewives and students), whereas the corresponding proportions for fathers were 10% and 21%.
We examined the linearity of associations in two ways. Firstly, we included a term for the square of offspring BMI in the Cox regression models, and hence estimated the best quadratic association between offspring BMI and the log hazard of each cause of mortality. The P value corresponding to the term for BMI² was reported as a test of non-linearity. Secondly, we divided the distribution of offspring BMI into deciles and estimated the HR in each decile group (using the fifth decile as the reference group). We graphed these HRs in order to display the shape of the relationship between offspring BMI and each cause of mortality.
Measures of both paternal and offspring BMI were available in 72 815 father-son pairs (2030 paternal deaths). We re-estimated the association of fathers' BMI with all cause mortality, cardiovascular disease, and non-cardiovascular mortality using this restricted dataset, and compared these findings with the Death from diabetes, coronary heart disease, and kidney cancer had the strongest positive associations with offspring BMI among both mothers and fathers. Lung cancer mortality was elevated in mothers whose offspring had a higher BMI (1.12, 1.09 to 1.15; P<0.001), whereas the strength of this association among fathers was much weaker (1.03, 1.02 to 1.05; P<0.001). Offspring BMI was positively associated with mortality from respiratory diseases for mothers (1.05, 1.02 to 1.08; P<0.001) and less so for fathers (1.02, 1.00 to 1.04; P=0.048), which contrasts to reports of strong inverse associations of own BMI with respiratory disease mortality risk in previous studies.
There was an inverse association between offspring BMI and maternal mortality from breast cancer (0.97, 95% CI 0.94 to 0.99; P=0.017) and from external causes (0.97, 0.95 to 0.99; P=0.015), in particular suicide (0.94, 0.90 to 0.97; P<0.001).
We examined whether the association of breast cancer mortality with offspring BMI varied according to age of death by examining the offspring BMI-maternal breast cancer mortality association in three maternal age groups: less than 50 years old; 50 to less than 60 years old; and 60 years or older. An interaction between age of death from breast cancer and offspring BMI was found (P=0.002). The association of breast cancer mortality risk with offspring BMI was weakly positive in women who died at age 60 years or older (1.02, 0.98 to 1.07), weakly negative in those aged 50-59 years at death (0.95, 0.90 to 0.99), and more strongly negative in those aged less than 50 years at death (0.92, 0.88 to 0.97).
Statistical tests of deviation from linearity had considerable power, even for relatively minor departures from linearity. Inspection of the hazard ratios by decile of offspring BMI showed that the non-linearity in associations of offspring BMI with parental morality was generally owing to more marked associations between parental mortality and offspring BMI in the top half of the BMI distribution, rather than any notable increase in mortality in parents with offspring at the lower end of the BMI distribution (see web appendices A and B).
Offspring BMI as an instrumental variable for own BMI in father-son pairs We examined associations of all cause, cardiovascular disease related, and non-cardiovascular disease related mortality with both own BMI and offspring BMI for the 72 815 men who had their measurements taken when conscripts and who also had sons who had measurements taken as conscripts. Table 4 shows estimated hazard ratios per standard deviation of offspring BMI both from conventional multivariable Cox models of the association between own BMI and mortality outcomes and from analyses that used offspring BMI as an instrumental variable for own BMI.
Mortality not related to cardiovascular disease was not strongly associated with either own or offspring BMI (HR 1.04, 95% CI 0.98 to 1.09; P=0.210 and 1.02, 0.97 to 1.06; P=0.462, respectively), whereas all cause and cardiovascular disease related mortality were positively associated with both own and offspring BMI (all cause: 1.10, 1.05 to 1.16; P<0.001 and 1.04, 1.00 to 1.08; P=0.064, respectively; cardiovascular disease related: 1.47, 1.33 to 1.64; P<0.001 and 1.14, 1.05 to 1.25; P=0.003, respectively).
The association of own BMI with all cause mortality was of greater magnitude when estimated using offspring BMI as an instrumental variable than when estimated directly (1.16, 0.96 to 1.39; P=0.120 v 1.09, 1.04 to 1.15; P=0.001). A similar pattern was seen with the effect of BMI on cardiovascular disease mortality (1.82, 1.17 to 2.83; P=0.008 v 1.45, 1.31 to 1.61; P<0.001). However, the precision of the effect estimates was low.
DISCUSSION

Principal findings
Our analysis of the effects of BMI on mortality using offspring BMI as an indicator of adult BMI shows positive associations between offspring BMI and parental mortality from cardiovascular disease, diabetes, and some cancers. We do not find inverse associations between offspring BMI and risk of mortality from respiratory disease and lung cancer, which would be anticipated on the basis of previous studies that found own BMI to be strongly inversely related to mortality from these conditions. 11 Use of offspring BMI as an instrumental variable for own BMI suggests that previous studies have underestimated the strength of the RESEARCH positive association between own BMI and all cause and cardiovascular disease mortality.
Comparison with other studies Confounding and reverse causality are leading concerns when estimating the magnitude of the association between BMI and mortality.
1
The two main approaches that have been used to address these potential biases are excluding deaths occurring in the first few years of follow-up and accounting for potential confounding factors in analyses by adjustment or stratification, but these approaches have severe limitations. Another technique to reduce the impact of reverse causality is the use of BMI measured early in life, when BMI is less likely to be affected by adverse health conditions. This approach has been used to study the nature of the association between BMI and socioeconomic position. 29 30 Large cohort studies or meta-analyses of smaller studies in which BMI was measured in childhood and adolescence found associations between pre-adult BMI and all cause mortality, [31] [32] [33] coronary heart disease mortality and morbidity, 34 35 and other cause specific mortality. 31 32 Smaller studies have not found these patterns, 36 but their power was too limited to support any reliable claims on this issue.
The pattern of associations between offspring BMI and cause specific mortality in our study is generally similar to that found between own BMI and cause specific mortality in many other studies. The cause of death most strongly associated with offspring BMI in our study was diabetes; a similar relation is seen in studies of own BMI. 11 37 Death from cardiovascular disease also had a strong positive association with offspring BMI in this study, and with own BMI in this and many other studies. 1 37 38 Our findings suggest that the association of BMI with cardiovascular disease mortality may be underestimated by the direct evaluation of the strength of associations between low BMI and cardiovascular disease outcomes in cohort studies. The reason for such underestimation could be that early stages of illness are associated with reduced BMI but increased risk of death from cardiovascular disease. In addition, there could be negative confounding-lower BMI is associated with detrimental exposures such as cigarette smoking and heavy alcohol consumption, both of which increase the risk of cardiovascular disease. 11 Our own data illustrate this point, as cigarette smoking was associated with lower BMI.
The strongest inverse association between BMI and mortality in conventional observational studies is with respiratory disease mortality. 11 Previous research led to the suggestion that this link could not be explained by reverse causality or confounding. 39 Our use of offspring BMI-that is, a measure that is not influenced by reverse causation and less influenced by confounding -as a proxy for own BMI suggests that the inverse association between BMI and respiratory disease mortality is non-causal. Among men in our study, there was no consistent association between respiratory disease mortality and offspring BMI. The association among women was positive rather than negative, presumably reflecting an association of maternal smoking with offspring BMI.
Our findings with respect to respiratory disease mortality are in line with those of a study by Bjorge et al that minimised reverse causation and confounding by using BMI in adolescence as a predictor of respiratory disease mortality. 32 This study found an overall positive association between BMI and respiratory disease mortality over more than 40 years of follow-up, and evidence of a much smaller increased risk in the low BMI group than in observational studies that measured BMI in middle age. Clearly reverse causation-in this case, illness influencing BMI-will not be entirely absent in an adolescent sample, but would be much less marked than when measurements are taken in middle age. Thus both our findings with respect to offspring BMI and Bjorge and colleagues' findings with respect to BMI measured in adolescence suggest that the association between BMI and respiratory disease mortality may indeed be the result of reverse causation and confounding.
Among men, kidney cancer had the strongest positive association with offspring BMI of any cancer we examined, similar to findings in other studies of own BMI and site specific cancer mortality.
11 33 40 Among the mothers in this study, higher offspring BMI was associated with a higher risk of lung cancer mortality. This is presumably because maternal smoking is positively associated with offspring BMI, as also reflected in higher respiratory disease mortality among mothers whose offspring had higher BMI. In line with the respiratory disease mortality findings, fathers' lung cancer mortality was only weakly positively associated with BMI, suggesting less of an association between fathers' smoking and offspring BMI. This albeit weak association could be generated by assortative mating; that is, individuals tend to mate with individuals who are similar to themselves in some respect, in this case smoking status. These positive associations are in stark contrast to the inverse association between BMI and lung cancer mortality that have generally been reported from conventional observational studies.
11
Analyses of the association between offspring BMI and breast cancer mortality by age of death showed that higher offspring BMI had a protective effect among women under 60 years of age. This relation was reversed in women who died when they were aged 60 or over; that is, in those who were most likely to have postmenopausal onset breast cancer. These findings are in line with those of other studies, which have found a similar age related reversal of the direction of association between own BMI and breast cancer risk 40 and mortality. 11 40 41 This similarity provides reassuring evidence that offspring BMI serves as a useful indicator of own BMI when studying these associations, as it is difficult to see how such a pattern could be generated by bias.
We suggest that sex differences in findings with respect to offspring BMI and mortality illustrate an anticipated problem in using offspring BMI as a proxy for own BMI-that in women, factors that might affect offspring in utero and modify subsequent BMI may also influence the health outcomes and mortality risk of the mother. Smoking is one such factor, because smoking during pregnancy has been linked to high BMI among offspring in many studies, 42 43 an association that strengthens with age. 43 A recent study showed that in contemporary children, the strength of the association between paternal smoking and offspring BMI in childhood was similar to that of maternal smoking, 41 suggesting common confounding by smoking for both mothers and fathers. However, this may not have been true several decades ago, when the social distribution of smoking in men and women was different and mothers may have had a stronger influence on the growth trajectories of their offspring than fathers.
Among mothers, and much less so among fathers, higher offspring BMI was associated with lower mortality from external causes, and in particular from suicide. A stronger inverse association of own BMI with suicide in women compared with men was found in a US study 44 and in two separate Norwegian studies. 32 45 Other studies of men and women combined 46 and of men only (Swedish conscripts 47 and US health professionals 48 ) have also found inverse associations between own BMI and suicide.
As in one previous study, 22 we used offspring BMI as an instrumental variable for own BMI. Other studies have used sibling obesity, 49 and area based indicators 50 (for example, mean BMI in health authority and prevalence of obesity in health authority) as instrumental variables for own BMI. These studies have not examined mortality or morbidity as health outcomes. More powerful instrumental variables for BMI may be provided by the identification of genetic variants robustly associated with BMI, for example genetic variation in the FTO gene. 51 A Mendelian randomisation approach -which is predicated on the demonstration that genetic variation is unrelated to potential confounders and will not be influenced by reverse causation-can be used to determine the association between BMI and health outcomes. 52 53 Hence, if the observed association between a genetic variation in the FTO gene and mortality is greater than that expected given FTO-BMI and BMI-mortality associations, the BMImortality association is potentially underestimated. In proof of principle studies, this method generated associations between FTO variation and cardiovascular risk factors. 54 55 However, only one study to date has used this method to explore the BMI-cancer association, without definitive findings. 56 Very large sample sizes are required to obtain adequate statistical power for mortality or disease end points.
Strengths and limitations of the study The strengths of our study are its very large size, prospective design, and population based nature, allowing precise and largely unbiased estimation of the association between offspring BMI and a large range of causes of death.
The limitations to the approach taken in this study largely relate to offspring BMI being potentially associated with confounding factors. In particular, use of offspring BMI as a proxy for own BMI is problematic with respect to maternal causes of death related to factors that have intrauterine influences on offspring BMI. This is discussed above with respect to maternal smoking. A further illustration of this issue is diabetes mortality. It is well known that glucose intolerance and diabetes in mothers is associated with higher offspring BMI. 57 The considerably greater association of offspring BMI with diabetes mortality of mothers compared with diabetes mortality of fathers in our study illustrates this. However, the positive association of paternal mortality from diabetes with offspring BMI, which is considerably stronger than the association with any other cause of death, illustrates that offspring BMI does have value as an indicator of own BMI.
Another example of potential confounding is alcohol consumption, which is inversely associated with offspring birth weight 58 and is linked to an increased risk of suicide. 59 Although we know of no direct evidence on this issue, it is possible that maternal alcohol consumption and depression are associated with lower offspring BMI and, through this relation, generate an association between low offspring BMI and maternal suicide risk. We therefore attach greater credence to the associations between offspring BMI and paternal mortality than to those between offspring BMI and maternal mortality.
There is some evidence of residual confounding in the fathers in the plots of respiratory disease and lung cancer mortality against decile of BMI (see web appendix B). A small increase in mortality can be seen among fathers who have offspring in the lowest BMI groups, consistent with the higher rates of smoking in the fathers with offspring who have a low BMI. However, these small increases in mortality only at the lower end of the BMI distribution contrast markedly with the substantial increases and overall strong negative association seen between BMI and mortality from these causes in conventional observational studies. 11 
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WHAT IS ALREADY KNOWN ON THIS TOPIC
High BMI is associated with higher rates of mortality from cardiovascular causes, diabetes, and some cancers Low BMI is associated with increased mortality from other causes, such as respiratory disease and lung cancer It is uncertain whether the apparent adverse influence of low BMI on mortality is causal or owing to confounding, reverse causation, or both
WHAT THIS STUDY ADDS
Our analysis using offspring BMI as an indicator of parental BMI shows associations between high BMI and mortality from cardiovascular disease, diabetes, and some cancers Use of offspring BMI as an indicator of parental BMI does not, however, suggest that low BMI is associated with increased risk of respiratory disease and lung cancer mortality Taken together, these data suggest that the adverse influence of higher BMI and obesity in a population is of greater magnitude than previously thought Another potential limitation is that the sample in which we directly compared paternal BMI and offspring BMI is a relatively small subsample of the main dataset, and thus only permitted estimation of all cause, cardiovascular disease related, and noncardiovascular disease related mortality. With a larger dataset, it would be possible to directly associate causes of death that have been particularly controversial in their link to BMI-such as respiratory disease and lung cancer-with both parental and offspring BMI.
Our study assumes that BMI has the same influence on outcomes regardless of whether it is influenced by genetic or lifestyle factors. This assumption seems valid, however, because evidence suggests that genetic variants linked to BMI are associated with other outcomes, such as blood pressure and bone mineral density, to a similar degree as that predicted by the association of BMI (both its genetic and environmental component) with such outcomes. 54 55 60 Finally, we have not adapted the instrumental variable analysis to the non-linear situation. 61 However, the purpose of our study was to provide a simple estimate of the extent to which causal associations of BMI and cardiovascular disease could be underestimated by naive analyses.
Conclusions
For some causes of death, patterns of associations between offspring BMI and mortality were similar to those seen for own BMI in previous studies. These findings suggest that offspring BMI serves as a useful proxy measure of own BMI in such analyses. There were two exceptions to this general pattern: firstly, in situations where there is an anticipated effect of antenatal exposures that are associated with both offspring BMI and maternal mortality; and secondly, for respiratory disease and lung cancer mortality in fathers, the inverse associations observed in conventional epidemiological studies are not recapitulated in our analysis. Our findings suggest that the apparent adverse consequences of low BMI on respiratory disease and lung cancer mortality may be overstated, whereas the adverse consequences of higher BMI on cardiovascular disease mortality may be substantially underestimated.
These conclusions have important implications for public health practice because they suggest that reducing population levels of overweight and obesity (or preventing their rise) will have a considerable benefit to population health. Suggestions to the contrary are probably misguided.
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